Aerobic operation of an immersed hollow fibre membrane bioreactor, treating municipal wastewater supplemented with molasses solution, has been studied across mixed liquor suspended solids (MLSS) concentrations between 8 and 32 g L -1 , the higher concentrations being normally associated with thickening operations. Only a marginal loss in membrane permeability was noted between 8 and 18 g L -1 when operation was conducted without clogging. The sustainable operational flux attainable above 18 g L -1 was highly dependent upon both the MLSS concentration and the state of the membrane. A temperature-corrected flux of 28 L m -2 h -1 (LMH) was sustained for 18 hours at an MLSS of 8 g L -1 using membranes close to initial their virgin-state permeability. This value decreased to around 14 LMH at 20 g L -1 and 5 LMH at 32 g L -1 MLSS for an aged membrane whose permeability had been recovered following clogging. Below the threshold flux operation without significant clogging was possible, such that the membrane permeability could be recovered with a chemically enhanced backflush (CEB). Above this threshold flux clogging took place at a rate of around 7-14 g solids per m 2 membrane per m 3 permeate volume passed irrespective of the MLSS concentration. The permeability of the unclogged membrane was depressed and could not be recovered using a standard CEB, indicative of irrecoverable pore clogging. The outcomes corroborated previously reported observations concerning the deleterious long-term impacts of clogging, and confirmed the critical importance of operation at a sustainable flux value.
Introduction
The study of crossflow membrane filtration for the thickening of waste activated sludge (WAS) dates back at least 20 years (Reed et al, 1993) . The use of immersed membranes, both hollow fibre (HF) and flat sheet (FS), for this duty has been a viable commercial process for at least 15 years. Such thickeners are installed at some municipal wastewater immersed membrane bioreactor (iMBR) plants as a supplementary process step for thickening the waste activated sludge from the primary biological treatment process (Judd and Judd, 2010) . There were, for example, 26 MBR membrane thickeners installed in North America between 2004 and 2010 based on a single FS technology (Woo, 2010) . In such cases the immersed membrane thickening technology employs the same membrane technology as that used for the primary MBR process, but operates at relatively low flux (7-16 compared with >20 L m -2 h -1 , or LMH), and relatively high membrane air scour rates (0.75 -1.2 compared with <0.5 Nm 3 h -1 m -2 ), attaining solids concentrations of up to 5.5 g L -1 , significantly reducing the sludge volume and thus sludge disposal costs.
Notwithstanding the existence of these full-scale installations, there appear to be very few studies of immersed membrane thickening of WAS, or of iMBR operation at excessively high sludge concentrations generally. Whilst it is generally recognised that higher mixed liquor suspended solids (MLSS) concentrations tend to depress foulant levels, manifested as soluble microbial product (SMP), such observations have tended to be limited to moderate MLSS concentrations of up to 25 g L -1 (Yeom et al, 2005; Schwarz et al, 2006) . A body of work specifically on simultaneous aerobic digestion and thickening of WAS (Wang et al, 2008 Wu et al, 2009 ) was focused largely on the soluble foulant levels, manifested as soluble microbial product (SMP) and colloidal and/or soluble chemical oxygen demand (sCOD), and bulk sludge quality parameters such as viscosity and capillary suction time (CST). Results showed SMP and sCOD to significantly influence membrane fouling. However, reported outcomes have also suggested permeability decline to be primarily affected by the change in sludge viscosity, and subsequently the required membrane aeration rate, at high MLSS concentrations . Other studies have demonstrated decreased dewaterability with increasing sludge concentration associated with the development of filamentous bacteria .
As with almost all studies of permeability decline in MBRs, the few studies of membrane thickening of WAS have tended to be focused on characterisation of chemical foulants. However, it is broadly recognised by both the practitioner community (Stone and Livingston, 2008; Santos et al, 2010; Mason et al, 2010; ) and, increasingly, by the academic community (Lebegue et al, 2009; Dvořák et al, 2011; Buzatu et al, 2012; Gabarrón et al, 2013 ) that clogging -the accumulation of solids within the membrane interstices (or spaces between the fibres) -represents as significant challenge to sustainable MBR operation as membrane surface fouling. Since clogging propensity would be expected to be greater at elevated sludge concentrations, it is of obvious importance to assess the relative significance of fouling and clogging in such cases.
The purpose of this study was to establish the impact on filtration behaviour in a standard HF iMBR on changing biological treatment from low to high solids concentration, the latter being normally associated with thickening, based on normal operating conditions. Determinants studied included bulk sludge quality parameters (normalised CST and diluted sludge volume index, DSVI), standard foulant indicators (filtered COD, SMP and extracellular polymeric substances, EPS) and clogging propensity (expressed as accumulated solids per m 2 membrane area). The clogging propensity may then be correlated both with the sludge quality and the operational flux.
Material and Methods

Feed water and chemicals
The feedwater comprised settled sewage from the Cranfield University wastewater treatment works, which had predominantly typical municipal wastewater characteristics and varied little in quality throughout the trials (Table 1) . This stream was supplemented with molasses (Algerian Refinery Cane sugar, British Sugar), which was revealed from laboratory analysis to provide 1.14 kg COD/L. The stock molasses solution was diluted by 40 times with water to provide a pumpable solution held in a make-up tank. This make-up solution was prepared twice weekly and used to deliver the carbon load required to meet the target F:M ratio of 0.13 d -1 (Table 2 ). All other chemicals associated with pilot plant operation (such as sodium hypochlorite for membrane cleaning) were of general purpose grade.
Pilot plant
The pilot-scale membrane bioreactor installation (Fig. 1 ) comprised a biotank (5 m 3 volume) and a membrane tank (1.75 m 3 ). The biotank (Forbes, Scotland) base was fitted with 16 fine bubble diffuser aerators (FBDA) (EDI Flexair T-series, USA) supplied with compressed air to provide a dissolved oxygen (DO) concentration of 1-2 mg L -1 . Sludge from the biological process tank was delivered to the membrane tank via a progressive cavity pump (Mono, Model C14AC10RMA, England), overflowing back into the process tank under gravity. Two other pumps (Watson Marlow, Model 520 Du, England) were cascade-connected to deliver the diluted molasses make-up solution into the biotank. The DO data was monitored online using a DO sensor fitted in the biotank, along with sensors for total suspended solids (TSS) and temperature (Hach, USA). The open-top rectangular (870 x 420 x 2800 mm high) membrane tank was fitted with two vertically-oriented hollow fibre (HF), 0.04 µm pore size, polyvinylidene difluoride (PVDF) membrane modules (GE Water & Process Technologies, Hungary) providing a total membrane area of 46.4 m 2 . These were mounted in a custom-built skid (2152 mm high x 307 mm x 817 mm) and operated via a dedicated peristaltic pump (Watson Marlow, Model 720Du, England) providing both filtration and backflush fluxes. The membrane surface was scoured intermittently (10s-on/10s-off) by coarse-bubble aerators, placed 100 mm below the membrane module channels, which were integrated into the cassette. The membrane, of permeability 375 LMH bar -1 in its virgin state, was backflushed for 30s every 10-minute filtration cycle at a flux of 15 LMH. A CEB with 500 mg L -1 sodium hypochlorite and manual declogging (using a low-pressure water stream) were periodically performed to maintain membrane permeability.
A programmable logic controller (PLC) and supervisory control and data acquisition (SCADA) system collecting digital/analogical data, provided by Debaru Kft., Hungary were used to control feed, recirculation, permeate, membrane aeration and waste sludge discharge flows. A pressure sensor was fitted in the biotank for controlling the sludge level. The transmembrane pressure (TMP), permeate and backflush flows were recorded every 30s by an immersed pressure transducer and ultrasonic flowmeters connected to the SCADA system.
Flux-step trials
The short-term flux-step trial (Table 3 ) comprised four one-hour flux steps incorporating six backflush steps (Zsirai et al, , 2013 ) whose values were adjusted according to the sludge concentration. The one-hour flux step tests were followed by four extended (18-hour) overnight flux steps. All tests were performed under standard conditions of intermittent aeration (Table 2 ) and with an intermediate CEB. The TMP and flow response was continuously monitored at a rate of two readings per minute. Flux was corrected from operational (instantaneous) to net flux from a consideration of backflushing and for temperature using the standard viscosity correction.
Key parameters generated from the TMP and flow data comprised:
 mean permeability L for a given period:
where J 1 and J 2 are the initial and final flux values and and the corresponding transmembrane pressure values;  sludge solids loading rate per unit membrane area:
 accumulated (clogged) solids loading rate per unit membrane area:
where M is the gravimetrically measured clogged solids per unit membrane area and t is the time over which the solids have accumulated. 
Declogging and chemical cleaning
Retained sludge solids were determined gravimetrically by difference using a 100 gresolution load cell (Straightpoint miniweighter, Havant, UK) fitted to the membrane cassette. The module was removed following each test and the residual liquid allowed to drain for one hour. The entrained sludge solids were then carefully removed from within the fibre bundles using a low-pressure water hose and the cassette re-weighed after draining. This was then followed by chemical cleaning. Chemical cleaning comprised cycles of CEB at 15 LMH using 500 mg L -1 NaOCl applied for 15 pulses of 30 seconds each with 2 minutes relaxation between the pulses, as recommended for this product. Prior to the trials the sludge was allowed to acclimatize for a period of a month. Other analyses Standard feed, permeate and sludge quality data were recorded daily to twice-weekly. Feed and permeate water quality comprised the standard sanitary determinants along with conventional bulk sludge quality parameters (diluted sludge volume index, DSVI, and normalised capillary suction time, nCST) and standard foulant indicators (soluble microbial product, SMP, and extracellular polymeric substances, EPS). SMP and EPS were determined according to established heat extraction methodology (Le Clech et al, 2003) , and bulk sludge quality by standard methods (APHA, 2005). The particle size diameter (PSD) was also determined using a Malvern Mastersizer instrument (Malvern 2000, Worcestershire, UK) with the measurement range of 0.1-1000 μm.
Trials
Trials conducted comprised:
 Steady-state operation at three different target MLSS concentrations (8, 20 and 32 g L -1 )  Thickening trials (from 8 to 32 and from 20 to 32 g L -1 )
Flux step experiments (Section 2.3) were carried out following steady operation for at least 30 days. CEB and declogging was conducted at the completion of each thickening trial and between each flux step test.
For the first thickening trial the sludge concentration was increased from 8.7 g L -1 to a target concentration of 37 g L -1 over a period of 58 days. The solids concentration was then reduced by wasting and the trial repeated for solids concentrations between 20 g L -1 and 32 g L -1 , following chemical cleaning and declogging of the membrane. Thickening was conducted at a loading of 2-4 kg COD m -3 day -1 through a combination of the municipal wastewater feed (480 mg L -1 on average) with the molasses solution, maintaining the F:M ratio at ~0.13 d -1 . The resulting rate of increase in MLSS was around 0.5 g MLSS L -1 d -1 . Throughout the thickening trial the flux was manually adjusted so as to maintain a TMP below 50 mbar, this then being regarded as the "sustainable" flux.
Results
Permeate and sludge quality
Permeate quality throughout the trials was routinely high with respect to ammonia, BOD and suspended solids removal, all being close to 100%. Permeate COD levels were more variable as a consequence of SMP and EPS generation in the bioreactor, as determined from sampled sludge during steady-state operation (Table 4) , with COD removals averaging 91% (S.D. 8%) throughout of the study. For such steady-state operation the SMP concentration, nCST and the sCOD in the bioreactor value varied roughly in accordance with the VSS concentration. However, the normalised EPS concentration did not demonstrate the same trend. The increased SMP and EPS levels manifested during the thickening period subsided to some extent during the equilibrations periods The sludge normalised DSVI was largely unchanged across all three solids concentrations despite the 50-60% reduction in mean particle size at the higher MLSS levels brought about by the more vigorous aeration demanded to maintain the target DO concentration (Table 4) . It is well known that floc breakage leads to increased SMP and EPS levels, possible leading to increased fouling propensity (Chabaliná et al., 2012) . Biomass quality monitored during thickening otherwise indicated a predictably large increase in both (nCST), from 1.4 to ~5 s L g -1 , and sCOD from 60 to >500 mg L -1 (Fig. 2) as compared to corresponding values of 4-4.8 s L g -1 and 300 mg L -1 respectively recorded by Wang et al. (2006) at 25 g L -1 MLSS. These authors similarly reported rapid increases in nCST and sCOD, along with less marked increases in EPS and viscosity, during their thickening trials. The nCST of the sludge remained low (<0.45 s L g -1 ) for biomass concentrations below 20-22 g L -1 then rapidly increased beyond 22 g L -1 , suggesting that filterability diminishes when solids concentration exceeds some threshold value -corroborating previously reports (Pollice et al., 2007) . 
Permeability trends
Low MLSS trial
Flux step trials conducted initially for the membrane conditioned for one month at a mean MLSS concentration of 8.9 g L -1 , following three months of operation at a mean MLSS of 7.3 g L -1 , revealed operation to be free from clogging (< 2 g m -2 membrane area, the limit of detection for clogged solids area concentration), requiring no CEB, even at the highest applied flux of 28 LMH. The mean permeability -with a measured S.D. of ~20% -decreased marginally from 380 at 15 LMH to 340 LMH/bar at 27.5 LMH, with no measurable fouling rate over the course of either the 1 h or 18h flux step trials. The backflush cycle under these conditions was found to maintain the permeability without recourse to a CEB. Prior to the first thickening trial the permeability decrease between 8 and 18 g L -1 was marginal (400-350 LMH/bar) and the corrected flux was maintained at 22-24 LMH. Thickening beyond an MLSS concentration of around 18 g L -1 resulted in the first pronounced decline in sustainable flux and permeability ( Fig. 3a and b) due to the channel clogging ("pre-clogged" state), with values noticeably depressed (by 25-50%) for the duplicated trial ("post-clogged" state). The trend is similar to that reported by Wu et al. (2009) Whereas both irreversible fouling and clogging were absent at the lowest MLSS, the membranes required declogging supplemented with regular CEBs at the higher solids concentrations. The CEB was only effective (110% permeability recovery for the pre-clogged and 97% for the post-clogged membrane) at the lowest applied flux (6.8-7.2 LMH for the pre-clogged and 4.3-5.2 LMH for the post-clogged membrane), prior to the onset of clogging or reclogging. Beyond some flux threshold only declogging was effective in recovering permeability, with recovery from CEB becoming negligible. Clogging propensity (Section 3.3) was observed to become extremely sensitive to flux at the highest MLSS values.
High-MLSS trials
Duplicate one-hour flux-step trials performed at an MLSS concentration of ~32 g L -1
revealed the permeability range to decrease from 178 LMH bar -1 (S.D. 19%) to 139 LMH bar -1 (S.D. 13%) over a flux step range of 7.5-11 LMH. Data indicate a 25-30% decrease in permeability between the two trials, notwithstanding the declogging and CEB applied following the first trial. Similarly, the 18 h flux-step data, obtained for a lower flux step range of 6-10 LMH (Fig 4) , indicated a higher fouling rate for the post-clogged membrane than the preclogged one. Permeability decreased linearly with flux, similar to the low-MLSS trends, but 18 h operation could not be sustained at fluxes above 10 LMH for the preclogged membrane and 8.2 LMH for the post-clogged (and declogged) one.
Clogging and declogging
Trials were conducted at more extended run times of 7-10 days to attempt to establish the clogging propensity of the membrane in the MLSS concentration range between 22 and 35 g L -1 . Measured accumulated solids levels varied between 140 and 1160 g m -2 membrane area depending on the operating conditions of flux and MLSS concentration. Correlations for both flux against MLSS (Fig. 5 ) and solids accumulation rate M C against solids loading rate M L (Section 2.3) for both the pre-clogged and post-clogged membrane (Fig. 6 ), where the latter had been declogged and chemically cleaned (Section 2.4) prior to testing, indicate that: There is an approximately linear decrease in sustainable flux with MLSS between 25 and 35 LMH for the pre-clogged membrane: the sustainable flux for the post-clogged membrane is 30-50% lower than that of the pre-clogged membrane at the two reference data points at 22.5 and 27.5 g L -1 (Fig. 5 ).
There is an approximately linear increase in accumulated solids with MLSS under the above operating conditions for the pre-clogged membrane, with the clogging propensity for the post-clogged membrane being about double that of the pre-clogged membrane according to the two MLSS data points at 22.5 and 27.5 g L -1 (Fig. 6 ). Data for a single 18 h trial revealed a linear relationship between solids accumulation and solids loading (Fig. 6, inset ).
There was a marked sensitivity of clogging to flux, particularly at the highest MLSS concentration. An increase from 7 to 8 LMH resulted in a 40% increase in retained solids per m 2 membrane area. For an accumulated wet solids concentration exceeding ~700 g m -2 the flux became unsustainable regardless of the MLSS concentration, leading to further rapid clogging. Similar qualitative impacts of MLSS on sustainable flux have been reported previously (Schwarz et al, 2006) , though these refer to lower MLSS concentrations. 
MLSS
The observed impact of clogged solids on permeability of the subsequently cleaned membrane corroborates outcomes from a previous study , as well as field observations (Gabarrón et al, 2013) , in that the deleterious impact of clogging on membrane permeability is retained even after declogging and cleaning. A repeat of the trial following declogging and a subsequent aggressive CEB at a very high hypochlorite concentration of (a) (b) (c)
3000 mg L -1 NaOCl did not significantly recover the membrane permeability over an extended term. This is assumed to be indicative of irreversible pore plugging (Kimura et al, 2013; Shen et al, 2010) .
Conclusions
The outcomes of a study of a pilot-scale MBR fed with fortified sewage to maintain a moderate F:M ratio (of 0.13 d -1 ) whilst operating at high MLSS concentrations have revealed significant deleterious impacts above solids concentrations of 18 g L -1 . Sustainable flux was found to depend as much on membrane condition as on sludge concentration. Clogging of the membrane compromises its subsequent performance both with respect to its permeability and further clogging propensity, notwithstanding the extent of declogging and chemical cleaning imparted to the membrane following initial clogging. In both cases the performance of the post-clogged membrane is around half that of the preclogged one, with solids accumulation (or clogging propensity) doubling and permeability from fouling decreasing by 30-50%.
Solids appear to accumulate roughly linearly with flux above some critical threshold flux, the value of which rapidly decreases with sludge concentration above MLSS levels of ~18 g L -1 . Longer-term trials of 7-10 days suggest that, over this time period, around 3% of the sludge solids loaded onto the membrane are retained within the membrane fibres. Chemicallyenhanced backflushing (CEB) is only effective in recovering permeability at relatively low clogged solids levels of ~600-800 g per m 2 membrane area. Outcomes confirm the importance of sustainable flux operation across MBR technologies generally, and the importance of avoiding clogging.
